Chemically synthesized collagen with a triple helix structure similar to that of natural collagen is attractive as a safe biomaterial. Hybrids of chemically synthesized collagen and apatite are proposed for novel bone substitutes. However their apatite-forming ability in simulated body fluid is still quite low. We examined acceleration of apatite formation on collagen by immobilized poly-γ-glutamic acid (PGA), which has excellent apatite-forming ability. Apatite was formed within 3 days when collagen was treated with PGA solutions containing an appropriate amount of CaCl 2 . A mixture of apatite and calcite was formed at high CaCl 2 concentration. The present results indicate the possibility of preparing hybrid materials, with tailored mechanical and biological properties, based on chemically synthesized collagen.
INTRODUCTION
Ceramic biomaterials including silica-based glasses and calcium phosphate ceramics are playing an important role in the repair of hard tissues, such as bones and teeth. Specific types of ceramics, such as Bioglass ® , sintered hydroxyapatite and glass ceramics A-W (which contain apatite and wollastonite) are known be able to make direct bonds to living bone after implantation in bone defects 1, 2) . These "bioactive ceramics" are already used clinically as important bone substitutes. However, there are problems because they have lower fracture toughness and higher Young's modulus in comparison with natural bone 3) . These issues mean that clinical application of bioactive ceramics is limited to conditions of low loading. Therefore novel bioactive materials with flexibility are required as bone substitutes.
Natural bone is an organic-inorganic hybrid structure composed of organic collagen fibers and the inorganic carbonate apatite 4) . Therefore, organic-inorganic hybrids are expected to have high biological compatibility and similar mechanical performance to natural bone. In addition, such hybrids are also expected to be useful as scaffolds supporting bone tissue regeneration, since their bioresorbability can be easily controlled 5) . To construct such a hybrid, a biomimetic process using simulated body fluid (SBF) or a more concentrated solution has been proposed 6) . In this process, a thin film of apatite can be coated onto various substrates during immersion in SBF. This method can be applied even to organic polymers with inherently low heat resistance, since the apatite coating can be achieved under ambient conditions. Apatite formation on collagen through this biomimetic process has been previously reported 7) . However, the use of animal-derived collagens has a potential risk of pathogen exposure.
Recently, Kishimoto et al. have developed chemically synthesized collagen, with a triple helix structure similar to that of natural collagen 8) . In Kishimoto's report, the triple helix formation was confirmed by circular dichroism (CD) spectroscopy and transmission electron microscopic (TEM) observation. Their synthetic collagen is a polypeptide with an amino-acid sequence of proline (Pro) -hydroxyproline (Hyp)-glycine (Gly), and is attractive as a novel biomaterial with high biological safety and thermal stability up to 80°C. In addition, the chemically synthesized collagen shows bioresorption within 8 weeks after subcutaneous implantation into a rat dorsal area 9) . It is therefore useful as bioresorbable scaffolds for bone regeneration. However, the apatite formation ability of the synthetic collagen in SBF is quite low. Kamitakahara et al. previously examined apatite formation on chemically synthesized collagen that had been modified with alkoxysilane 10) (based on the idea that Si-OH groups have potential to trigger heterogeneous apatite nucleation) 11) . However, apatite was formed only under highly supersaturated conditions such as 1.5 SBF (i.e., ion concentrations 1.5 times those of SBF) after 7 days 10) . Further acceleration of apatite formation is desirable for medical use.
Poly-γ-glutamic acid (PGA) is a biodegradable and biologically compatible polypeptide. PGA is reported to have excellent apatite-forming ability in SBF, since it contains abundant carboxyl groups, which are effective for heterogeneous apatite nucleation 12, 13) . The problem of poor apatite formation on chemically synthesized collagen would be solved by immobilization of an organic polymer, with high apatite formation ability (such as PGA) onto the collagen. In addition, PGAsilicate bioactive hybrids have recently been developed Biomineralization on chemically synthesized collagen containing immobilized poly-γ-glutamic acid by our research group 14) . However, hybridization with chemically synthesized collagen has not been investigated yet. In the present study, enhancement of apatite formation on chemically synthesized collagen was attempted by immobilizing PGA onto the collagen. We examined the effects of different immobilization procedures on subsequent biomineralization behavior in SBF.
MATERIALS AND METHODS
N-hydroxysuccinimide (HOSu) was purchased from Wako Pure Chemical Industries (Osaka, Japan). PGA with molecular weight of 800,000-1,200,000 Da was purchased from Meiji Seika Kaisha, Ltd. (Tokyo, Japan). 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC•HCl) was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Chemically synthesized collagen sponges were purchased from PHG Co., Ltd. (Kyoto, Japan). Other reagents were purchased from Nacalai Tesque Inc. (Kyoto, Japan). Representative reagents and their roles are summarized in Table 1 . Ultrapure water with resistivity of 18 MΩ•cm was prepared by a water purification system (Direct-Q, Millipore Co., Billerica, MA).
As a first step, PGA was immobilized onto porous sponges of chemically synthesized collagen. In the present study, two different immobilization procedures were selected. In Procedure 1, PGA, CaCl 2, EDC•HCl and HOSu were dissolved in ultrapure water. The concentrations of each reagent in the solutions are summarized in Table 2 . CaCl 2 concentrations were determined by referring to previous papers that describe apatite formation on CaCl 2-treated organic polymers 12, 13) . Then the solution was adjusted to pH 7 by dropwise addition of 1 M NaOH. Chemically synthesized collagen sponges, 5×5×5 mm 3 in size, were then soaked in 30 mL of the prepared solutions at room temperature for 6 or 24 h, followed by soaking in ultrapure water at room temperature for 24 h and freeze-drying at −80°C for 3 h. The morphology and the crystalline phases of the deposits on some of the collagen sponges were investigated after soaking in PGA solution for 7 days.
In Procedure 2, chemically synthesized collagen sponges were soaked at room temperature for 24 h in PGA solutions as described above, but without CaCl 2, and then soaked in 1 M CaCl2 at room temperature for 24 h. In this procedure, only one CaCl2 concentration (1 M) was chosen. pH adjustment of the PGA solution was the same as for Procedure 1.
Finally, the collagen sponges with immobilized PGA (that had been prepared using both of the above procedures) were soaked in 30 mL of SBF (inorganic ion concentrations: Na + 142. 11) . This soaking period was determined based on previous reports that most bioactive materials used in clinical applications form apatite in SBF within 3 days 15) . The pH of the fluid was buffered at 7.40 using 50 mM tris(hydroxymethyl)aminomethane and an appropriate amount of HCl. After soaking, the specimens were removed from SBF, immersed in ultrapure water for 24 h to remove excess residual water-soluble salts, and then dried at room temperature for 24 h. For both procedures, three samples were prepared for each set of experimental conditions.
Changes in crystalline phase and morphology of the newly formed deposits on the specimens were characterized using thin-film X-ray diffraction (TF-XRD; MXP3V, Mac Science Ltd., Yokohama, Japan) and scanning electron microscopy (SEM; S-3500N, Hitachi Co., Tokyo, Japan), respectively. Chemical bonds at the sample surfaces were characterized by Fouriertransform infrared (FT-IR; FT/IR-6100, JASCO Co., Tokyo, Japan) spectroscopy using an interferometer scanning rate of 2 mm/s and resolution of 4 cm −1 . In the TF-XRD, the angle of the incident beam was fixed at 1° against the surface of the specimen, and the measurements were performed using a step scanning mode with a 0.02° step per second. For SEM, a thin film of Au-Pd was coated onto the surfaces of the specimens using an ion sputter coater (E-101, Hitachi Co., Tokyo, Japan). Attenuated total reflectance (ATR) with a ZnSe prism was used for FT-IR measurements. Background spectra were collected by contacting the prism with air. Figure 1 shows FT-IR spectra of the chemically synthesized collagen sponges before and after treatment with PGA without CaCl 2. Strong bands assigned to C=O asymmetric stretching and N-H bending were observed at 1,640 and 1,570 cm −1 , respectively, for both specimens. After treatment, bands assigned to COO − symmetric stretching and OH bending of COOH became apparent at 1,400 and 1,250 cm −1 , respectively. On the other hand, the intensity of the band at 1,340 cm −1 assigned to C-OH stretch was significantly decreased 16, 17) . These results mean that PGA was immobilized on the surface of the chemically synthesized collagen. Figure 2 shows SEM images of the surfaces of the synthesized collagen sponges treated with PGA solutions containing various concentrations of CaCl 2 for various periods (Procedure 1), before and after soaking in SBF for 3 days. When the sponges were subjected to PGA solution treatment with CaCl 2 concentrations of 0.5-1 M for 24 h, fine particles, less than about 1 µm in size, were observed, even before soaking in SBF. After soaking in SBF, particles were deposited on all the specimens. In addition, spherical particles, 2-5 µm in diameter, were observed for the specimens treated with 0.1 M CaCl 2 for 24 h and 1 M CaCl2 for 6 h. TF-XRD patterns of the same specimens are shown in Fig. 3 . The fine particles deposited before SBF soaking are calcite-type CaCO 3, and low-crystallinity apatite has formed after soaking in SBF. Figure 4 shows a SEM image and TF-XRD pattern of the surface of a synthesized collagen sponge treated with PGA solution containing 1 M CaCl 2 for 7 days (Procedure 1), without subsequent soaking in SBF.
RESULTS
Spherical and corn-like particles were observed. The particles were identified as calcite by TF-XRD. Figure 5 shows an SEM image and TF-XRD pattern of the surface of a chemically synthesized collagen sponge immobilized with PGA (Procedure 2), after soaking in SBF for 3 days. Only low-crystallinity apatite was deposited on the surface under these conditions.
DISCUSSION
PGA was immobilized on chemically synthesized collagen by treatment with PGA solution containing a condensing agent. The decrease in the number of C-OH bonds upon treatment suggests that immobilization proceeded by ester bond formation (See Fig. 1 ). The expected immobilization reaction of the chemically synthesized collagen and PGA is shown in Fig. 6 .
Apatite was formed on the chemically synthesized collagen with immobilized PGA within 3 days, even in normal SBF. This is much faster than found in the previous study on alkoxysilane-modified chemically synthesized collagen 10) . As well as apatite, calcite formed at high CaCl2 concentration or long PGA treatment time (24 h). Under some conditions, calcite has already formed during PGA/CaCl 2 treatment (See Fig. 3 ). In the present study, the pH of the PGA solution was adjusted to 7 by addition of NaOH solution, because the chemically synthesized collagen can easily be collapsed in as-prepared PGA solution, which has low pH. It is assumed that Ca(OH) 2 is formed by reaction of the CaCl2 in the solutions with NaOH, and is then converted into CaCO3 by reaction with CO2 absorbed into the solution, as described in the following equations:
The solubility product of Ca(OH) 2 is 5.5×10 −6 , whereas the ionic activity product of the PGA solution at a CaCl 2 concentration of 1 M is calculated to be 1.0×10 −14 , meaning that the PGA solution used for Procedure 1 is not saturated with respect to Ca(OH) 2 18) . The local increase in pH during dropwise addition of NaOH solution would induce formation of Ca(OH) 2, a precursor of calcite. It is reported that carboxyl groups in PGA have high affinity with Ca 2+ via ion-ion or ion-dipole interactions 19, 20) . Therefore the deposited calcite nanoparticles would bind tightly to the specimen surfaces. It is reported that SBF is already supersaturated with respect to apatite but not calcite 21) . After soaking in SBF, the carboxyl groups in PGA initiate heterogeneous nucleation of apatite, and the release of the remaining CaCl 2 into the surrounding fluid enhances it. It is possible that the deposited calcite is also released into SBF. However, its solubility (1.3 mg/100 g water) is much lower than that of CaCl 2 (42 g/100 g water) 18) . Therefore the calcite would barely contribute to enhancement of apatite formation. When the PGA and CaCl2 incorporation procedures were performed as separate steps (Procedure 2), pure apatite was formed in SBF, as shown in Fig. 5 . Increase in local pH does not occur during CaCl 2 treatment. This means that the presence of Ca 2+ during the pH adjustment of the PGA solution adversely affects pure apatite formation.
Calcite particles with spherical and acute cornlike shapes were formed after only soaking in PGA solution with CaCl 2, as shown in Fig. 4 . Several studies have reported rod-like calcite formation in aqueous conditions 22, 23) . 22) . The calcite particles obtained in the present study had similar morphology to that reported by Kotachi et al. , who proposed that the calcite crystal growth became more inhibited with increasing molecular weight of PAA 24) . Adding low-molecularweight PAA led to round particle formation as a result of weak adsorption onto the calcite seed crystals, while high-molecular-weight PAA led to formation of corn-like particles via strong adsorption.
In the present study, PGA reagents with significantly different molecular weights were not mixed in the solution. Therefore conditions for controlled crystal growth must arise from differences in the density of PGA immobilized on the chemically synthesized collagen. Initially in the PGA solution, the degree of PGA adsorption onto the calcite crystals is relatively low, since only a small amount of PGA molecules are immobilized on the collagen surface. For these reasons, spherical particles are initially formed. Afterwards, the immobilization density has increased, and a large amount of PGA has been adsorbed onto the deposited calcite. Therefore the crystal growth is highly controlled, and results in acute, corn-like crystals.
The crystalline phase formed on the chemically synthesized collagen can be controlled by varying the surface treatment procedure. Both apatite and calcium carbonate are reported to show high biological compatibility in vivo 25, 26) . The results in the present study indicate the possibility of designing organicinorganic hybrids with different mechanical properties, bioresorbability and biological response for dental and orthopaedic applications.
CONCLUSION
It was found that apatite formation on chemically synthesized collagen in SBF could be significantly accelerated by covalent immobilization of PGA. The crystalline phases of the deposits formed in SBF differed depending on the immobilization conditions. Especially, a mixture of apatite and calcite was formed at high CaCl 2 concentration and long treatment time, when CaCl2 coexisted in the PGA solution used for immobilization. In addition, calcite particles with spherical and cornlike morphologies were observed after soaking in PGA solution. Pure apatite was formed when immobilization and Ca 2+ incorporation were performed as separate steps.
